INTRODUCTION
Optimizing beef carcass and meat characteristics is important for farmer remuneration and consumer satisfaction. The evaluation of carcass quality and subsequent payment framework depend on different criteria according to the grading schemes (Polkinghorne and Thompson, 2010) . For the consumer, tenderness is the main characteristic used to define beef meat (Grunert et al., 2004) . To reach the expectations of the actors at each end of the meat chain, it is important to manage simultaneously the beef carcass and the meat characteristics. Different works studied the individual effects of different rearing factors on beef carcass and meat characteristics, usually during the fattening period: slaughter weight (Lucero-Borja et al., 2014) , slaughter Prediction of beef carcass and meat traits from rearing factors in young bulls and cull cows J. Soulat,* † B. Picard,* † S. Léger, ‡ § and V. Monteils* † 1 *Clermont Université, VetAgro-Sup, UMR1213 Herbivores, BP 10448, F-63000 ClermontFerrand, France; †INRA, UMR1213 Herbivores, F-63122 Saint-Genès-Champanelle, France; ‡Université de Clermont Auvergne, Université Blaise Pascal, Laboratoire de Mathématiques, BP 10448 F-63000 Clermont-Ferrand, France; and §CNRS, UMR 6620, Laboratoire de Mathématiques, F-63171 Aubière, France ABSTRACT: The aim of this study was to predict the beef carcass and LM (thoracis part) characteristics and the sensory properties of the LM from rearing factors applied during the fattening period. Individual data from 995 animals (688 young bulls and 307 cull cows) in 15 experiments were used to establish prediction models. The data concerned rearing factors (13 variables), carcass characteristics (5 variables), LM characteristics (2 variables), and LM sensory properties (3 variables). In this study, 8 prediction models were established: dressing percentage and the proportions of fat tissue and muscle in the carcass to characterize the beef carcass; cross-sectional area of fibers (mean fiber area) and isocitrate dehydrogenase activity to characterize the LM; and, finally, overall tenderness, juiciness, and flavor intensity scores to characterize the LM sensory properties. A random effect was considered in each model: the breed for the prediction models for the carcass and LM characteristics and the trained taste panel for the prediction of the meat sensory properties. To evaluate the quality of prediction models, 3 criteria were measured: robustness, accuracy, and precision. The model was robust when the root mean square errors of prediction of calibration and validation sub-data sets were near to one another. Except for the mean fiber area model, the obtained predicted models were robust. The prediction models were considered to have a high accuracy when the mean prediction error (MPE) was ≤0.10 and to have a high precision when the r 2 was the closest to 1. The prediction of the characteristics of the carcass from the rearing factors had a high precision (r 2 > 0.70) and a high prediction accuracy (MPE < 0.10), except for the fat percentage model (r 2 = 0.67, MPE = 0.16). However, the predictions of the LM characteristics and LM sensory properties from the rearing factors were not sufficiently precise (r 2 < 0.50) and accurate (MPE > 0.10). Only the flavor intensity of the beef score could be satisfactorily predicted from the rearing factors with high precision (r 2 = 0.72) and accuracy (MPE = 0.10). All the prediction models displayed different effects of the rearing factors according to animal categories (young bulls or cull cows). In consequence, these prediction models display the necessary adaption of rearing factors during the fattening period according to animal categories to optimize the carcass traits according to animal categories.
age (Jurie et al., 2006a; Bures and Barton, 2012) , fattening period duration (Schnell et al., 1997; Vestergaard et al., 2007) , nature of the diet (French et al., 2000; Duckett et al., 2013) , etc. Moreover, few authors simultaneously studied the carcass, muscle properties, and beef meat sensory properties. However, rearing practices are the combination of many rearing factors, each with its own variability. The variability of each rearing factor made it difficult to simultaneously analyze their impacts on both the carcass and the meat. The aim of the current study was to establish prediction models based on many rearing factors during the fattening period to characterize the carcass and the physicochemical and sensory properties of the LM (thoracis part). The LM serves as a reference as it is the most studied muscle for beef meat qualities (French et al., 2001; Renand et al., 2001; Bunmee et al., 2015) . The originality of this study is based on the analyses of a large data set, including a large diversity of rearing factors and individual cattle data from different experiments.
MATERIALS AND METHODS

Data Set
The data set was composed of data from 15 published experiments performed by the French National Institute for Agricultural Research (INRA, France) . Individual data from 995 animals, including information about the carcass, the physiochemical and sensory properties of the LM, and the rearing factors during the fattening period, were used to establish prediction models. In this work, the sex and age combination were studied through young bulls (n = 688) and cull cows (n = 307). The term "sex and age" (S&A) was used to define this factor for the study. In the data set, 6 pure breeds were represented: Aubrac, Charolais, Blonde d'Aquitaine, Limousine, Normande, and Salers. Each project systematically studied the effect of at least 1 rearing factor on carcass characteristics and also on the muscle characteristics or meat sensory properties (Table 1) .
Rearing Factors Data
The rearing practices were characterized by 13 rearing factors: slaughter age (mo), fattening period duration (d), live weight at the beginning of fattening period ("initial weight," kg), final live weight before transport to the slaughterhouse ("final weight," kg), final live weight before slaughter ("slaughter weight," kg), DMI (kg DM/d), forage and concentrate intakes (kg DM/d), percentages of forages and concentrates in the DM diet, NE intake (neI; Mcal/d), ADG for the fattening period (kg/d), and dietary efficiency (ADG:DMI ratio, kg/kg DM). Different forages were included in the forage variables-straw, hay, grass silage, corn silage, and beet pulp silage-and the concentrate variables included dehydrated alfalfa, grain corn, soybean, urea, wheat, and rapeseed.
Carcass Characteristics Data
All the animals were slaughtered in the same conditions at the experimental slaughterhouse of INRA at the Auvergne/Rhône-Alpes Research Center (Theix, France). The carcass was characterized (Table 2) by Leveziel et al. (2002) 5 variables: cold carcass weight (HCW × 0.98, kg), dressing percentage (cold carcass weight:final weight ratio, %), and carcass composition (% of cold carcass weight), that is, muscle percentage, fat tissue percentage, and bone percentage. The carcass composition was estimated from the composition of the sixth rib determined after dissection and by the prediction equations from Robelin and Geay (1976) .
Longissimus Muscle Characteristics Data
Longissimus muscle samples were collected 24 h postmortem and frozen in liquid nitrogen until use. This muscle was collected from the 6th and 11th rib (thoracis part) according to the experiments. In the data set used, the mean cross-sectional area of the fibers ("mean fiber area," μm 2 ) and the isocitrate dehydrogenase (ICDH) activity (μmol•min -1 •g -1 ) characterized the LM. The 7 ICDH = isocitrate dehydrogenase.
8 Mean fiber area is mean cross-sectional area of fiber.
9 Scale for overall tenderness, juiciness, and flavor intensity: 0 = very tough, dry, and slight and 10 = very tender, juicy, and strong.
mean fiber area of 3 types of fibers (slow twitch oxidative, fast twitch oxidative glycolytic, and fast twitch glycolytic) were analyzed by histochemical and image (using Visilog 6.7 Professional Software; Noesis, Gif sur Yvette, France) analysis as describe by Picard et al. (1998) and Meunier et al. (2010) . The mean fiber area represents the overall mean of cross-sectional area for all fibers types in each LM sample. The mean fiber area trait was used in this study because it has been shown to be negatively correlated with tenderness in LM independent of the type of fibers (Picard et al., 2007; Chriki et al., 2012a) . Isocitrate dehydrogenase activity represents the oxidative metabolism of the LM and was correlated with tenderness (Chriki et al., 2012a) . Isocitrate dehydrogenase activity was spectrophotometrically quantified in each LM sample by the method developed by Jurie et al. (2006b;  Table 2 ).
Longissimus Muscle Sensory Analysis Data
For the sensory analysis, the LM (thoracis part) samples were collected 24 h postmortem from the 6th and 11th rib according to the experiments and aged under vacuum for 14 d at 4°C. The LM samples were cut into steaks, which were grilled to reach an internal temperature of approximately 55°C, according to the cooking procedures described by Dransfield et al. (2003) . Overall tenderness (tenderness), flavor intensity (flavor), and juiciness scores (from 0 = very tough, slight, and dry to 10 = very tender, strong, and juicy) were attributed ( Table  2) by trained taste panels (Dransfield et al., 2003) . The panelists were different in each considered experiment.
Statistical Analyses
The statistical analyses were performed using R 3.1.1 (R Core Team, 2014) .
Before establishing the models of prediction, a preliminary step was performed on the rearing factors to test and reduce the multicolinearity among these variables. This was based on the Pearson correlation (r) and the variance inflation factors (Tufféry, 2012) calculated from the package "car" (Fox and Weisberg, 2011) in the R software. Finally, 6 rearing factors were retained: slaughter age, fattening period duration, initial weight, DMI, concentrates percentage, and NEI. These rearing factors used to establish the prediction model are presented in Table 2 .
First, a random selection of data was used to create 2 sub-data sets, that is, a calibration data set (75% of the initial data set size) and a validation data set (25%), with the package "sampling" (Tille and Matei, 2013) in R. The description and effectives of each sub-data set are presented in Table 2 . During the random selection, we attempted to conserve in each sub-data set the same breed proportions and the same young bull and cull cow proportions presented in the initial data set. Moreover, for each dependent and independent variable, t tests were performed between the calibration and validation data sets to verify the nonsignificant difference (t test > 0.05) between both sub-data sets.
To predict the carcass and LM characteristics and beef meat sensory properties, 8 different linear mixed models were developed: dressing percentage, muscle percentage, and fat percentage for the carcass; mean fiber area and ICDH for the properties of the LM; and tenderness, flavor, and juiciness for the meat sensory characteristics. At the beginning, each complete prediction model was composed of 13 independent variables: the 6 selected rearing factors, the S&A factor, and the interactions between the S&A factor and each rearing factor. The breed was considered a random effect for the prediction models of the carcass and LM characteristics, with the goal to produce a generic model, because the data set included the variability of 6 breeds and the breed was also known to impact the carcass (Monsón et al., 2004; Jurie et al., 2006a) and LM characteristics (Jurie et al., 2006a Chriki et al., 2012b) . The trained taste panel was considered a random effect in the prediction models of the meat sensory properties to consider the overall tenderness, juiciness, and flavor intensity score variability among the taste panels . These linear mixed models were established from calibration data set with the package "lmerTest" (Kuznetsova et al., 2014) .
Finally, complete linear mixed models could be written as follows:
, and γ 6j are fixed effects of the model; a k is the random effect associated with kth breed (or trained taste panel); and ε ijk is the random error associated with animal i, S&A factor j , and breed (or trained taste panel) k.
Random effect hypothesis were as follows: -breed effect: a k ~ N(0, σ 2 breed) independent and identically distributed (iid), -trained taste panel effect: a k ~ N(0, σ 2 trained taste panel) iid, and
Then, the model reduction stages were performed to remove the nonsignificant independent variables and to obtain the most simple prediction model. Following each withdrawal, a new model analysis was performed. In the model, if the interaction between a rearing factor and the S&A factor was significant, this rearing factor was systematically conserved among the independent variables even if this rearing factor alone was not significant. Post hoc analysis of the prediction models was graphically performed with a quantile-quantile plot (Azaïs and Bardet, 2006) . The contribution of the considered independent variables in the linear mixed model was displayed using ANOVA Type II with the package "car" (Fox and Weisberg, 2011) . Moreover, when the S&A factor was present in the prediction models, distinct equations could be considered for young bulls and cull cows.
Finally, for each linear mixed prediction model, an external validation was performed using the validation data set. To evaluate the mixed prediction model equations, root mean square errors of prediction (RMSEP; Kobayashi and Salam, 2000) were calculated for both sub-data sets to describe the robustness of the model. A high robustness of the prediction model was considered when both RMSEP (calibration and validation) were near to one another. The mean prediction error (MPE; Yan et al., 2007) was calculated only from the validation data set to describe the prediction accuracy. In this study, we considered a high accuracy to be indicated when the prediction model had an MPE ≤ 0.10. From the validation data set, the coefficient of determination r 2 was used to describe the mixed prediction model precision. The closer the r 2 is to 1, the greater the model precision.
RESULTS AND DISCUSSION
Prediction Models of Carcass Characteristics from Rearing Factors
Dressing Percentage. The independent variables of the considered rearing factors in the dressing percentage prediction model were slaughter age, initial 2 RMSEP val = root mean square error of prediction on the validation data set.
3 MPE = mean prediction error.
4 Dressing percentage is the cold carcass weight:final live weight before transport to slaughterhouse (%). The cold carcass weight was estimated from HCW (cold carcass weight = 0.98 × HCW).
5 NS = nonsignificant.
6 S&A = "sex and age": a factor in prediction models (1 = young bulls and 2 = cull cows). Coefficients of models were established on the young bull data. For cull cows, a delta was calculated compared with young bulls.
7 Fat tissue percentage is the percentage of fat tissue in carcass (% of cold carcass weight).
weight, concentrates percentage, and the interaction between S&A and slaughter age, between S&A and initial weight, and between S&A and concentrates percentage (Table 3 ). The independent variables of the rearing factors that contributed the most (P < 0.001) in this model were concentrates percentage, S&A, and the interaction between S&A and slaughter age (Table 4 ). The low difference between the RMSEP on the calibration data set (RMSEP cal ) and the RMSEP on the validation data set (RMSEP val ) proved the robustness of the dressing percentage model. From the validation data set, the dressing percentage model had a high precision, explaining 74% of the dressing percentage variability observed, and high prediction accuracy. The scatter plot displayed a high relationship between the predicted and observed dressing percentage data (Fig.  1) . The effect of the S&A factor on the dressing percentage was observed in this scatter plot. The young bulls and cull cows did not have the same variation range of dressing percentage, with the cull cows showing a lower dressing percentage than the young bulls ( Table  2 ). The coefficients of the dressing percentage model and the equations for young bulls and cull cows are described in Table 3 . In the young bulls, the slaughter age and concentrates percentage had positive effects on the dressing percentage, whereas the initial weight had a negative effect. The effects of these rearing factors were the opposite in the cull cows. In this study, the effect of slaughter age on the dressing percentage in young bulls was contrary to Sargentini et al. (2010) and Bures and Barton (2012) . Other studies in young bulls and steers showed that slaughter age had different impacts on the dressing percentage (negative, positive, or no effect) according to the range of age considered (Aydin et al., 2013; do Prado et al., 2015) . In cull cows, several authors found that increased slaughter age had a negative effect on the dressing percentage (Fiems et al., 2003; Sawyer et al., 2004) . These results are in accordance with the effect of this rearing factor in the cull cow equation of the dressing percentage model in the present study. However, other studies showed that slaughter age had no impact on the dressing percentage in cull cows (Dumont et al., 1991; Jurie et al., 2006a; Galli et al., 2008; Malterre et al., 2011) . 3 Muscle percentage is the percentage of muscle in carcass (% of cold carcass weight).
.
5 Mean fiber area is the mean cross-sectional area of fiber (μm2).
6 Tenderness is the overall tenderness score (scale: 0 = very tough and 10 = very tender).
7 Juiciness is the juiciness score (scale: 0 = dry and 10 = juicy).
8 Flavor is the flavor intensity score (scale: 0 = slight and 10 = strong).
9 Initial weight is the live weight at the beginning of fattening period (kg). 10 Concentrates percentage is the percentage of concentrate in the fattening diet (%).
NEI = NE intake (Mcal/d).
12 S&A = "sex and age": a factor in prediction models (1 = young bulls and 2 = cull cows). Coefficients of models were established on the young bull data. For cull cows, a delta was calculated compared with young bull coefficients. †P < 0.10; *P < 0.05; **P < 0.01; ***P < 0.001.
The positive impact of the concentrates percentage in the young bull equation is in accordance with results published for young bulls (Pesonen et al., 2013) and steers (Kerth et al., 2007) . In the cull cow equation, the concentrates percentage had a negative impact on the dressing percentage. To our knowledge, only Sawyer et al. (2004) and Moreno et al. (2012) had studied the effect of diet composition on the dressing percentage, which was nonsignificant. These results were not in accordance with the effect of the concentrates percentage observed in the cull cow equation of the dressing percentage model. However, these 2 studies were performed on breed categories (dairy and early-maturing breeds) that are different from the breed category (late maturing) used in our data set.
Initial weight was also considered in the dressing percentage prediction model. In the equations, the initial weight had a negative effect in young bulls and a positive effect in cull cows (Table 3) . However, to our knowledge, in culls cows, no work had studied the effect of initial weight on dressing percentage. In young bulls, only Yerturk et al. (2011) had studied this effect and did not show a significant effect of this rearing factor on the dressing percentage. To confirm the effect of this rearing factor in the equations for young bulls and cull cows in the dressing percentage model, new studies will have to be performed.
Carcass Composition: Percentage of Fat Tissue and Muscle. In the fat tissue percentage and muscle percentage prediction models, common independent variables of the rearing factors were slaughter age, initial weight, fattening period duration, concentrates percentage, DMI, and the interactions between S&A and fattening, between S&A and period duration, and between S&A and concentrates percentage (Table 3 ). In the fat tissue percentage model, the independent variables of the rearing factors also considered were NEI and the interactions between S&A and slaughter age, between S&A and initial weight, and between S&A and DMI. In these models, the independent variables that contributed the most (P < 0.001) were the fattening period duration, S&A, and the interaction between S&A and concentrates percentage (Table 4) . Slaughter age was also an independent variable of the rearing factors that contributed the most (P < 0.001) to the muscle percentage model. In the fat tissue percentage model, there were also interactions between S&A and slaughter age and between S&A and fattening period duration (P < 0.001). For both models, external validation showed that these models were robust with low differences between the RMSEP cal and the RMSEP val . From the validation data set, the fat tissue percentage and muscle percentage models had a high precision and they explained 67% of the fat tissue percentage variability and 71% of the muscle percentage variability observed, respectively. The prediction accuracy was higher in the muscle percentage prediction model (MPE = 0.04) than in the fat tissue percentage prediction (MPE = 0.16). The coefficients of both prediction models for carcass composition are presented in Table 3 , with equations for young bulls and cull cows. The slaughter age and concentrates percentage had a positive effect on the fat tissue percentage in the carcass and had an opposite effect on the muscle percentage in young bulls and cull cows. The NEI had also a positive effect on the fat tissue percentage in both animal categories. The initial weight and fattening period duration had positive effects on the fat tissue percentage in the cull cows and negative effects on the young bulls. In young bulls and cull cows, the initial weight had a positive effect on the muscle percentage in the carcass. However, the fattening period duration had a positive effect on the muscle percentage in the carcass in the young bulls and an opposite effect in the cull cows. The DMI had a negative effect on the muscle percentage in the carcass in both animal categories. This rearing factor had a positive effect on the fat tissue percentage in the carcass in young bulls and an opposite effect in cull cows.
In accordance with our results, different studies showed that an increase in concentrate quantities in the fattening diet induced an increase of fat tissue percentage and a decrease of muscle percentage in the carcass of young bulls (Geay and Beranger, 1969 ; Geay et al., 1976; Bowling et al., 1978; Mandell et al., 1998) and cull cows (Dumont et al., 1997; Cabaraux et al., 2005) .
In previous published studies, the effect of slaughter age was principally observed on the weights of the carcass component. Jurie et al. (2005) displayed a significant increase in the weights of the fat tissue and muscles (kg) in the carcass with an increase in slaughter age, but the carcass weight also increased. However, the results of Jurie et al. (2005) , calculated in percentage for fat tissue percentage and muscle percentage between 19 and 24 mo, are in accordance with the effect of this rearing factor observed in the young bull equation for both prediction models for carcass composition. In contrast, do Prado et al. (2015) did not show a significant effect of slaughter age on the fat tissue percentage and muscle percentage in the carcass of crossed young bulls. Few published experiments studied the effect of this rearing factor in cull cows to confirm our results. In cull cows, Jurie et al. (2006a) did not show a significant effect of slaughter age on the weights of the tissues in the carcass. We did not observe any modification of fat tissue percentage and muscle percentage (calculated from carcass weight present in publication) with an increase of slaughter age.
The fattening period duration was also an important rearing factor in the fat tissue percentage and muscle percentage prediction models. In published studies, slaughter age and fattening period were often confounded (Jurie et al., 2005) ; consequently, it was difficult to determine the specific or individual impact of these rearing factors on the carcass composition. In young bulls, Jurie et al. (2005) showed an increase in the weights of the tissues (fat and muscle) in the carcass with an increase in fattening period duration. If the data from Jurie et al. (2005) were considered fat tissue percentage and muscle percentage between 3 fattening period durations, its results are in accordance with the observed effect of this rearing factor in the young bull equation for muscle percentage between the fattening periods of 6 and 10 mo. However, for a fattening period of 15 mo, the fat tissue percentage seemed to increase and the muscle percentage seemed to slightly decrease in young bulls.
In cull cows, the positive effect of the fattening period duration on the fat tissue percentage in the carcass and the opposite effect on the muscle percentage in the carcass were observed in different studies (Dumont et al., 1991; Vestergaard et al., 2007; Malterre et al., 2011) . These observations are in accordance with the effects of this rearing factor in the cull cow equation in the present study. The observed differences in the published studies, in particular in young bulls, could be explained by no consideration of the interaction between slaughter age and fattening period in our models.
Previously observed effects of DMI (Cabaraux et al., 2005; Juniper et al., 2005) and NEI (Beranger and Robelin, 1977; Malterre et al., 2011) are in accordance with the impact of these rearing factors in the equations for both animal categories for fat tissue percentage and muscle percentage prediction models.
In conclusion, for this section, the considered carcass characteristics could be predicted with the considered rearing factors together with a satisfactory accuracy and precision. Three rearing factors were common among the 3 prediction models proposed: slaughter age, initial weight, and concentrates percentage. In young bulls, slaughter age and concentrate percentage had a positive impact and initial weight had a negative impact on dressing percentage and fat tissue percentage whereas their effects were the reverse on muscle percentage. However, in cull cows, slaughter age and concentrate percentage had a negative impact and initial weight had a positive impact on dressing percentage and muscle percentage. These 3 rearing factors were positively correlated with fat tissue percentage in cull cows and promoted fat deposition in the carcass. In consequence, it will be necessary to make trade-offs between the carcass characteristics to drive them from the rearing factors and to adapt the rearing practices to the animal categories.
Prediction Models of LM Characteristics from Rearing Factors
Isocitrate Dehydrogenase (Oxidative Metabolism). The independent variables of the considered rearing factors in the ICDH prediction model were fattening period duration, concentrates percentage, DMI, NEI, and the interactions between S&A and fattening period duration and between S&A and concentrates percentage (Table 5 ). The independent variables of the rearing factors that contributed the most (P < 0.001) were concentrates percentage, DMI, NEI, S&A, and the interaction between S&A and concentrates percentage (Table 4) . This model was robust with a low difference between the RMSEP cal and the RMSEP val . However, the model had a low precision, explaining 40% of the ICDH observed variability from the validation data set. The accuracy of this model was also low, with an MPE > 0.10. The scatter plot (Fig. 2) confirmed this low relationship between the predicted and observed values of ICDH activity. The coefficients of the ICDH model and the equations for both animal categories are described in Table 5 . The DMI and NEI had a negative and a positive effect, respectively, on ICDH activity in young bulls and cull cows. The concentrates percentage and fattening period duration had negative effects on ICDH activity in young bulls but not in cull cows.
Few studies in cattle had studied the effect of the selected rearing factors in the prediction of ICDH activity. Different studies did not display a significant variation in ICDH activity in LM with a variation in DMI in young bulls (Geay et al., 1997; Brandstetter et al., 1998) . In cull cows, Couvreur et al. (2013) , using a combination of different rearing factors, did not display a significant effect of these rearing practices on the ICDH activity of the LM. To our knowledge, the effect of fattening period duration on ICDH activity, without slaughter age interaction, had never been studied in young bulls and cull cows. In consequence, the effects of the considered independent variables in our equations for young bulls and cull cows cannot be discussed using the current literature.
Mean Cross-Sectional Area of Fiber. The independent variables of the considered rearing factors in the mean fiber area prediction model were slaughter age, initial weight, concentrates percentage, DMI, NEI, and the interactions between S&A and slaughter age, between S&A and initial weight, and between S&A and NEI ( Table 5 ). The independent variables that contributed the most (P < 0.001) in this model were concentrates percentage, DMI, and NEI (Table 4 ). The robustness of this model was low (the RMSEPval and the RMSEPcal were different). Moreover, this model had a very low precision, explaining only 8% of the LM mean fiber area variability from the validation data set. The prediction accuracy of this model was also low (MPE > 0.10). 5 S&A = "sex and age": a factor in prediction models (1 = young bulls and 2 = cull cows). Coefficients of models were established on the young bull data. For cull cows, a delta was calculated compared with young bull coefficients.
6 NEI = NE intake.
7 Mean fiber area is the mean cross-sectional area of fiber (μm2).
8 NS = nonsignificant.
*P < 0.05; **P < 0.01; ***P < 0.001. The coefficients of this model are presented in Table 5 with their equations for young bulls and cull cows.
In conclusion, for this section, the mean fiber area could not be predicted from the considered rearing factors and these rearing factors did not allow high predictions of ICDH. To improve the prediction of the LM characteristics with rearing factors, other indicators (dependent and independent variables) will be necessary.
Prediction Models of Sensory Properties (Overall Tenderness, Juiciness, and Flavor Intensity) of LM from Rearing Factors
The independent variables of the considered rearing factors on the overall tenderness score of the LM prediction model were initial weight, fattening period duration, and the interaction between S&A and initial weight (Table 6 ). For the flavor intensity score of the LM, the independent variables of the considered rearing factors were fattening period duration, concentrates percentage, and the interaction between S&A and fattening period duration. Finally, the considered independent variables in the juiciness prediction model were DMI, NEI, and the interaction between S&A and NEI. Fattening period duration was the only rearing factor that was present in 2 prediction models for the sensory LM properties. For the tenderness prediction model, the independent variables that contributed the most (Table   4) were the fattening period duration and the interactions between initial weight and S&A (P < 0.05). For the juiciness prediction model, the independent variable that contributed the most was the DMI (P < 0.001). For the flavor prediction model, the independent variables that contributed the most were concentrates percentage and the interaction between S&A and fattening period duration (P < 0.05). For these 3 models, external validation showed that these models were robust, with low differences between the RMSEP cal and the RMSEP val . However, from the validation data set, the prediction models established for tenderness and juiciness had low precision, explaining 33 and 44% of the observed overall tenderness and juiciness variabilities, respectively. These 2 models had also relatively low prediction accuracy, with MPE > 0.10 (Table 6 ). The prediction model for flavor had a high precision, explaining 72% of the flavor intensity variability observed, and had a high prediction accuracy (MPE = 0.10). The scatter plot for the flavor intensity score displayed a higher linear relationship between predicted and observed data than the overall tenderness score (Fig. 3) . Moreover, in these 2 scatter plots, the young bulls and the cull cows had the same variation range ( Table 2 ). The coefficients of these 3 models are presented in Table 6 with their equations for young bulls and cull cows.
For the overall tenderness score of the LM, the fattening period duration had a negative effect on both 2 RMSEP val = root mean square error of prediction on the validation data set.
3 MPE = mean prediction error. 4 Tenderness is the overall tenderness score (scale: 0 = very tough and 10 = very tender). 5 S&A = "sex and age": a factor in prediction models (1 = young bulls and 2 = cull cows). Coefficients of models were established on the young bull data. For cull cows, a delta was calculated compared with young bull coefficients.
6 Juiciness is the juiciness score (scale: 0 = dry and 10 = juicy).
7 NS = nonsignificant.
8 NEI = NE intake.
9 Flavor is the flavor intensity score (scale: 0 = slight and 10 = strong).
*P < 0.05; **P < 0.01; ***P < 0.001.
animal categories (Table 6 ) whereas the initial weight had a negative effect in young bulls and a positive effect in cull cows. In accordance with the observed effect of the fattening period duration on overall tenderness score in young bull equation, several studies demonstrated a negative impact of a longer fattening period on the overall tenderness score of the LM in young bulls and steers (Arthaud et al., 1977; May et al., 1992) . However, the authors did not show a significant effect of the fattening period on the overall tenderness score of the LM with different aging durations in cull cows (Boleman et al., 1996; Vestergaard et al., 2007) . Initial weight was also considered in the tenderness prediction model; however, no studies in cattle had studied this effect, to our knowledge. In previous published studies, the meat was aged generally between 7 and 10 d and the internal temperature of the grilled steak was approximately 70°C. These conditions were different from those of our study (aging duration of 14 d and internal cooked temperature of approximately 55°C). The studied breeds were also different. These factors are known to have a great effect on overall tenderness score (Schnell et al., 1997; French et al., 2001; Chambaz et al., 2003; Pesonen et al., 2013; Lucero-Borja et al., 2014) , nevertheless, it is difficult to compare our results with published results. The prediction of the LM overall tenderness score from the rearing factors was low, in agreement with the results of Moloney et al. (2001) .
The juiciness score was positively impacted by NEI and negatively impacted by DMI in the young bull and cull cow equations. Few studies had analyzed the effect of different DMI on juiciness. Unlike our results, Juniper et al. (2005) and Sami et al. (2004) , with 2 different aging durations, did not find an effect of DMI on the juiciness score of the LM in steers and young bulls, respectively. To our knowledge, the effects of DMI on the juiciness score of the LM in cull cows and of NEI in both animal categories had never been studied. The impacts of these rearing factors observed in our equations of the juiciness prediction model need to be confirmed.
The flavor intensity score was negatively impacted by the concentrates percentage in young bulls and cull cows. The fattening period duration had a negative effect on this dependent variable in young bulls and a positive effect in cull cows. In accordance with the effect of the concentrates percentage observed in the cull cow equation of the prediction model for flavor intensity score, Hernandez-Calva et al. (2011) displayed a decrease in beef flavor intensity (P < 0.05) with a grass hay-based diet that had a higher concentrates percentage than a barley silage-based diet. In young bulls and steers, different authors observed an increase of beef flavor intensity score for the LM with an increase of concentrates percentage in the fattening diet (Fortin et al., 1985; Mandell et al., 1998; Roberts et al., 2009 ). However, Faucitano et al. (2008) did not find a significant effect of an increase of concentrate percentage on the flavor intensity score of LM in young bulls. These results disagreed with the effect of the concentrates percentage observed in the young bull equation of the flavor model. This difference could suggest that the nature and the physicochemical characteristics of forages and concentrates presents in the fattening diet had an effect on the flavor intensity of LM. In steers, Kerth et al. (2007) found a significant effect of the nature of the fattening diet (forages + concentrates) on the flavor intensity of LM, whereas many studies did not display a significant effect (Moloney et al., 2011 (Moloney et al., , 2008 French et al., 2000) . The presence of the concentrates percentage in the flavor prediction model was coherent because the main precursor of meat flavor is fatty acid composition, which is linked to the diet composition (Melton, 1990) . Furthermore, Bunmee et al. (2015) displayed a significant relationship between nature of diet and meat ageing in cull cows whereas Moloney et al. (2011) displayed a tendency in steers.
In accordance with the impact of the fattening period duration observed in the cull cow equation for the flavor prediction model, different studies showed an increase in beef flavor intensity in the LM with a lengthening of the fattening period (Boleman et al., 1996; Vestergaard et al., 2007) . However, May et al. (1992) did not show this effect in steers.
To sum up this section, meat flavor intensity was the only sensory parameter that was predicted with a high precision and prediction accuracy from the rearing factors. Other pre-and postslaughter parameters impacting the sensory properties of the LM could improve the precision and the prediction accuracy of these 3 models (Hocquette et al., 1998; Silva et al., 1999; Renand et al., 2001; Ferguson and Warner, 2008; Weglarz, 2010) .
In conclusion, the originality of this study is to establish, through the analysis of metadata from individuals, prediction models for the carcass characteristics and physicochemical and sensory properties of the LM from rearing factors. Unlike published studies, in our prediction models, the variability of many rearing factors has been considered to take into account a diversity of rearing practices. The proposed models for the prediction of carcass characteristics were robust and had high precision and prediction accuracy. The LM characteristics and its sensory properties appeared to be difficult to predict from the rearing factors except for the beef flavor intensity score. All the prediction models showed different effects of the rearing factors according to animal category (young bull or cull cow). A difficulty of this study was to confirm the biological effect of each considered rearing factor in the prediction models because published studies were generally performed in other conditions and with few studied factors. To improve our prediction models, it will be interesting to consider other parameters and to have a more accurate characterization of the fattening diet. To characterize the global sensory meat properties, other models from other muscle data must be established. It will also be interesting to increase the number of animals in the data set to consider interactions between some rearing factors. These prediction models could be used to provide advice to farmers to adapt their rearing practices according to animal category during the fattening period to optimize carcass traits. Our prediction models also contribute to the simultaneous management of beef carcass and meat traits.
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